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LOW TEMPERATURE DEPOSITION OF 
DIELECTRIC MATERIALS IN 

MAGNETORESISTIVE RANDOM ACCESS 
MEMORY DEVICES 

BACKGROUND OF THE INVENTION 

A magnetic memory element in a magnetoresistive ran 
dom access memory (MRAM) semiconductor device has a 
structure that includes ferromagnetic layers separated by a 
non-magnetic layer. Information is stored as directions of 
magnetization vectors in the magnetic layers. The resistance 
betWeen the magnetic layers depends on the relative orien 
tation of their magnetiZation directions (magnetic moments). 
For example, magnetic vectors in one magnetic layer (the 
“hard” layer) can be magnetically ?xed or pinned, While the 
magnetic vectors of the other magnetic layer (the “soft” 
layer) are not ?xed and are free to sWitch, e.g., the magnetic 
moment of the soft layer can be reversed by application of 
a small magnetic ?eld in operation of the device. Thus, the 
MRAM device can operate as a memory storage element or 
cell Wherein the magnetic moments of the tWo magnetic 
layers are aligned either parallel to one another or antipar 
allel to one another. In response to the shifting magnetic 
states, the magnetic memory element represents tWo differ 
ent resistances or potentials, Which are read by the memory 
circuit as either a “1” or a “0” It is the detection of these 
resistance or potential differences that alloWs the MRAM to 
read and Write information. 

Because MRAM elements rely on layers of ferronagnetic 
?lm to store information, and the ability to change the 
alignment of the magnetic layers Within the memory bit 
structure is the primary means of storing and accessing data 
in the MRAM, the quality of the thin layers of this structure 
is critical to the performance of this type of device. 
An MRAM device integrates magnetic memory elements 

and other circuits, such as a control circuit for magnetic 
memory elements, comparators for detecting states in a 
magnetic memory element, input/output circuits, and the 
like. These circuits can be fabricated by Complementary 
Metal Oxide Semiconductor (CMOS) technology that 
involves many manufacturing steps to form the electric 
circuitry Which typically consists of n-channel and 
p-channel transistors and active and ppssive circuit ele 
ments. The CMOS process requires high temperature steps 
that exceed 300° C. for depositing dielectric and metal 
layers, and annealing implants, for example. 

HoWever, magnetic layers employ magnetic materials that 
require processing beloW 300° C. in order to prevent detri 
mental intermixing of the materials that Would occur if 
higher temperatures are employed. In particular, a structure 
With magnetic layers that have interdiffused has a much 
reduced capability to shift the magnetic alignment of the 
magnetic structure. Therefore, the ferromagnetic magnetic 
layers are usually deposited at a different stage, after for 
mation of the transistors and initial metal layers and circuitry 
by CMOS processing. 

Magnetic memory elements also contain components that, 
detrimentally, are easily oxidiZed and are sensitive to cor 
rosion. For example, oxygen contamination of the magnetic 
layers can pin the magnetic dipoles, not alloWing the realign 
ment of the magnetic layers. Therefore, magnetic layers that 
have been contaminated With oxygen Will not perform 
properly and eventually Will corrode. 

Accordingly, there is a need for a method of making a 
magnetoresistive random access memory device that solves 
the foregoing problems. 
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2 
SUMMARY OF THE INVENTION 

The invention provides a loW temperature process for 
depositing silicon nitride or silicon dioxide dielectric ?lms 
over magnetically active materials in the manufacture of 
MRAM devices. In particular, the loW temperature process 
is a plasma enhanced chemical vapor deposition (PECVD) 
at temperatures that are beloW the standard PECVD process 
temperature of approximately 400° C. to 500° C. for depo 
sition of these types of ?lms. More particularly, the dielectric 
?lms are deposited at a temperature of about 200° C. to 300° 
C., preferably about 225° C. to 295° C., more preferably 
about 250° C. to 290° C. and, especially, 295° C. Employing 
PECVD at a much loWer temperature than the high standard 
PECVD process temperature for deposition of dielectric 
?lms eliminates the negative impact of high temperatures on 
the magnetic properties of the magnetoresistive storage 
elements. 
The invention also provides the use of a loW temperature 

silicon nitride dielectric ?lm proximate to the magnetically 
active materials. The use of silicon nitride ?lm has the 
advantage that it is a reducing material and, by virtue of this 
property, can prevent degradation of the magnetic ?lms that 
Would take place due to the presence of any residual oxygen 
or moisture from the manufacturing process. Therefore, the 
MRAM devices produced by embodiments of the invention 
method preferably comprise silicon nitride dielectric layers 
comprising about 35% to about 40% by volume of Si, about 
35% to about 45% by volume of N, and about 15% to about 
30% by volume of H. 
The invention provides a magnetoresistive random access 

memory device With improved magnetic properties 
including, but not limited to, an improved GMR (Giant 
Magnetoresistance) effect, more uniform Write/read 
thresholds, and containing a higher percentage of functional 
memory bits. For purposes of this disclosure, the term 
“improved GMR effect” means a higher GMR signal indi 
cating a change in resistance for the aligned and unaligned 
states of the soft magnetic layer of the MRAM device. The 
MRAM device is produced by a process in Which active 
circuit elements, such as magnetoresistive memory storage 
bits, are added to semiconductor substrates that already 
comprise transistors and other circuitry formed by high 
temperature processes, such as CMOS or the like. 

In order to prevent interdif?usion of the magnetic layers, 
the magnetoresistive storage material is deposited on a ?nely 
planariZed initial dielectric layer overlying the semiconduc 
tor substrate at a temperature of 300° C. or less, preferably 
200° C. or less, more preferably 100° C. or less and, most 
preferably about 50° C. FolloWing deposition of the mag 
netic layers, each further step in the process requiring 
deposition of a layer of metal or of dielectric material is 
performed at a temperature that preferably does not exceed 
300° C. and, more preferably, does not exceed 295° C. That 
is, the deposition temperature can be about 200° C. to 300° 
C., preferably about 225° C. to 295° C., more preferably 
about 250° C. to 290° C. and, especially, 295° C. 

In particular, deposition of dielectric layers, after the 
magnetoresistive storage layers are applied, is by a plasma 
enhanced chemical vapor deposition (PECVD) process in 
Which parameters such as, but not limited to, the percentage 
of loW radio frequency, the pressure, and the like, have been 
altered from the standard process, in order to produce 
dielectric ?lm layers With suitable thickness, uniformity, 
chemical composition, and minimal surface defects. 

Thus, the invention provides a magnetoresistive random 
access memory device (having improved properties) pro 
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duced by a process comprising the steps of forming an initial 
dielectric layer overlying a semiconductor substrate; pla 
nariZing the initial dielectric layer; depositing one or more 
layers of magnetoresistive storage material on the initial 
dielectric layer at a temperature of, most preferably, about 
100° C. or less; forming an electrically-conductive stop 
layer overlying the magnetoresistive storage material layer; 
forming a hardmask layer overlying the stop layer, Wherein 
the stop layer and the hardmask layer are deposited at a 
temperature of about 100° C. to 300° C., preferably about 
150° C. to about 250° C., more preferably about 200° C.; 
etching the stop layer and hardmask layer; patterning the 
magnetoresistive storage material; forming a dielectric layer 
overlying the magnetoresistive storage material, Wherein the 
dielectric layer comprises silicon nitride deposited at a 
temperature of about 200° C. to 300° C.; forming an 
electrically-conductive metal layer overlying the dielectric 
layer; forming a passivation dielectric layer overlying 
exposed deposited layers, Wherein the dielectric layer com 
prises silicon nitride deposited at a temperature of about 
200° C. to 300° C.; and annealing the device. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates the steps of an embodiment of an 
invention process for forming an MRAM device. 

FIG. 2 illustrates steps of an embodiment of a loW 
temperature PECVD process for forming dielectric ?lms in 
an MRAM device. 

FIG. 3 is a graphic illustration of the degradation in 
performance of a giant magnetoresistive spin valve as the 
temperature of the annealing step increases. 

FIG. 4 is a graphic illustration of the percentage loss of 
operational magnetic bits in tWo different MRAM devices as 
the temperature of the annealing step increases to greater 
than 300° C. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Some of the key parameters for MRAM ?nctionality and 
device yield pertain to speci?c properties of the magnetic bit 
performance. Three parameters that are closely monitored 
are the folloWing: the resistance of a string of bits— 
typically, there are 8 bits to a string, although strings can 
contain 2, 4, 16, or 32 bits; (ii) the Write threshold 
distribution, Where the Write threshold is de?ned as the 
moment When the magnetic ?elds from the current ?oWing 
in the bit string and the current ?oWing in the Word line 
(metal 2 traces running in close proximity of the bits) 
conj oin to align the magnetic orientation of the hard and soft 
layers in the GMR stack; and (iii) the threshold WindoW 
Which is the difference in the Write threshold and the 
threshold of Writing the bit With only the ?eld of the Word 
line. (It is expected that the magnetic state of the bit is not 
disturbed by the How of current in the Word line only When 
that Word line is being used to Write an adjacent bit.) 

Excessive process temperature introduces a number of 
problems to these three parameters. The bit string resistance 
Will increase as the layers of the magnetic stack intermix, 
reducing the loW resistance current paths of the pure layers 
in the stack and increasing the high resistance current paths 
of the non-uniform alloys that are starting to form. The 
intermixing of the magnetic layers and the crystal structure 
changes in the magnetic layers alter the uniformity of the 
magnetic domains in the bits, thus causing the various 
domains to change orientation over a Wider range of mag 
netic ?eld strengths, increasing the distributions of the Write 
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4 
thresholds. This same mechanism causes the thresholds for 
transitions due to only the Word line current to shift, so that 
inadvertent Writes Will occur Write/read failures in the fuinc 
tion of the chip. 

Therefore, embodiments of the processes according to the 
present invention, and the MRAM devices produced by the 
processes, employ much loWer process temperatures, espe 
cially PECVD process temperatures, than those typically 
used in the industry. 

High-density integrated circuits such as Dynamic Ran 
dom Access Memories (DRAMs) or Static Random Access 
Memories (SRAMs) are typically comprised of hundreds of 
thousands or millions of semiconductor devices on a silicon 
substrate. These high-density integrated circuits can be 
manufactured using a CMOS process and typically involve 
the use of multiple layers of vertically stacked metal inter 
connects. Fabrication of CMOS integrated circuits typically 
involves many manufacturing steps Which include repeated 
deposition or groWth, patterning, and etching of thin ?lms of 
semiconductor, polysilicon, metal, and dielectric materials 
to form the electrical circuitry Which typically consists of 
n-channel and p-channel transistors and active and passive 
circuit elements. 
A exemplary CMOS process for forming a semiconductor 

substrate suitable for use in manufacturing the MRAM 
device according to the invention is illustrated in the ?rst 
four method steps (blocks 10, 12, 14 and 16) in FIG. 1. 
Brie?y, steps to form the n-channel and p-channel transistors 
and associated active or passive circuit elements on a Wafer 
are completed before the ?rst level of interconnect metal is 
formed. Forming metal interconnect typically requires the 
repeated steps of deposition or groWth, patterning, and 
etching of metal, via and dielectric layers as necessary to 
connect the integrated circuit elements. After the n-channel 
and p-channel transistors have been patterned and etched, a 
dielectric layer is formed over the surface of the topography 
to provide dielectric isolation betWeen the devices and the 
overlying interconnect conducting regions. Next, a contact 
layer is patterned into the dielectric layer to de?ne openings 
in the dielectric layer Where ohmic contacts Will intercon 
nect a ?rst level of metal to the source, drain and gate 
regions of the n-channel and p-channel transistors. The 
contact layer patterning is accomplished by ?rst depositing 
a photoresist layer over the dielectric layer. The photoresist 
is next selectively exposed to light through a patterned 
reticle having the desired layer pattern. After exposure, the 
photoresist is developed to form a resist mask for the desired 
layer pattern. The exposed layer is then etched to de?ne the 
contact openings. Then the contact metal is deposited and 
etched. 

FolloWing the above process, the ?rst level of metal 
(Metal 1, block 10) is deposited, patterned and etched over 
the contact and dielectric layers. The ?rst level of metal is 
positioned over the contacts to provide electrical intercon 
nection betWeen the ?rst level of metal and the n-channel 
and p-channel devices. A second dielectric layer (ILD 1, 
block 12) is next formed over the patterned ?rst metal layer. 
After via holes (Via 1, block 14) are formed in the second 
dielectric layer to provide openings to the ?rst metal layer 
(Metal 1, block 10), a conductive material, such as tungsten, 
is deposited to ?ll the via holes and form ‘tungsten plugs.” 
After the tungsten plugs are formed, a second metal layer 
(Metal 2, block 16) is deposited, patterned and etched over 
the tungsten plugs and the ?rst dielectric layer. The second 
layer of metal is positioned over and in physical contact With 
the tungsten plugs to provide electrical interconnection 
betWeen the second layer of metal (Metal 2, block 16) and 
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the ?rst layer of metal (Metal 1, block 10). The steps of 
deposition or growth, patterning, and etching of metal, via 
and dielectric layers is repeated as desired to provide the 
necessary interconnect to form the integrated circuit. 

According to the present invention, all of the foregoing 
steps in the manufacture of the semiconductor substrate can 
be accomplished according to knoWn CMOS technology. 

The folloWing steps of the method are then, preferably, 
performed. Dielectric layers are deposited by plasma 
enhanced chemical vapor deposition (PECVD), by a process 
further described beloW. 

In a preferred embodiment of the present invention, an 
initial dielectric layer (ILD2, block 18) is formed by PECVD 
to overlie the semiconductor substrate. The thickness of 
ILD2 can range from about 1500 A to about 8000 A, With 
a preferred range of about 2500 A to about 4500 A and, 
especially, a thickness of about 4000 Because the mag 
netic layers are to be deposited next, the dielectric layer 
(ILD2, block 18) must be highly polished and planariZed in 
order to provide the uniform surface required by the very 
thin ?lms used to form the magnetoresistive layer. Surface 
roughness of the layer Would result in uneven deposition of 
the magnetic layers, detrimentally impacting the perfor 
mance of the MRAM. Because silicon dioxide is more easily 
polished and planariZed than silicon nitride, the ILD2 layer 
is preferably silicon dioxide. The ILD2 layer is planariZed 
using a chemical mechanical polish (block 20). 
A magnetic material stack (GMR Deposition, Metal 3, 

block 22) is then formed to overlie the smooth ILD2 layer. 
The magnetic material stack includes magnetoresistive 
material layers, a non-magnetic layer sandWiched betWeen 
magnetoresistive material layers, and, overlying the magne 
toresistive material layers, an initial stop layer, a ?nal stop 
layer and a hardmask layer. The initial stop layer thickness 
can range from about 100 A to about 2000 A, preferably 

about 250 A to about 600 A and, especially, about 400 The ?nal stop layer can range in thickness from about 200 

A to about 2000 A, preferably about 300 A to about 800 A 
and, especially, about 600 

The exact composition of the magnetoresistive layer does 
not directly affect the practice of the present invention, but 
can include any materials having the property Wherein a 
change in resistance of the material is observed When an 
external magnetic ?eld is applied. In exemplary 
embodiments, these materials may include materials used to 
form Anisotropic Magnetoresistance (AMR) devices, Giant 
Magnetoresistance (GMR) devices, Colossal Magnetoresis 
tance (CMR) devices, Tunneling Magnetoresistance (TMR) 
devices, Extraordinary Magnetoresistance (EMR) devices, 
Very Large Magnetoresistance (VLMR) devices, or the like. 

In a preferred embodiment, the magnetoresistive storage 
layer is formed of materials that form “pseudo” spin valve 
structures. The magnetoresistive bits are developed through 
repeated deposition of multiple thin ?lms Which may include 
cobalt, nickel, iron, or the like. For example, the ?lms can 
comprise, but are not limited to, CoFe, NiFeCo, NiFe, or the 
like. For example, one layer of magnetic ?lm can serve as a 
hard magnetic layer, in Which magnetiZation is pinned or 
?xed, Whereas magnetiZation directions in the second mag 
netic layer are free. The magnetic layers are separated by a 
non-magnetic layer, that can comprise any non-magnetic 
material that does not contain oxygen, so as to avoid oxygen 
contamination of the magnetic ?lm. For example, the non 
magnetic layer can include, but is not limited to, copper, 
titanium, aluminum, ruthenium, platinum, palladium, or 
tantalum, or the like. 
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6 
Each of the magnetic layers and the non-magnetic layers 

are deposited at an individually selected temperature that is 
300° C. or less, preferably 200° C. or less, more preferably 
1000 C. of less and, especially, about 50° C. 
The stop layer(s) can serve as a protective layer for the 

magnetoresistive storage layer, to minimiZe disruption of the 
magnetic layers When they are later etched. The exact 
composition of the initial stop layer does not directly affect 
the practice of the present invention, except that it must be 
electrically conductive. The initial stop layer may include 
any materials having an etch selectivity that is greater than 
the etch selectivity of the hardmask layer and the ?nal stop 
layer. In exemplary embodiments, these materials can 
include chromium, silicon, and the like. 
The ?nal stop layer is deposited to overlie the initial stop 

layer. The exact composition of the ?nal stop layer does not 
directly affect the practice of the present invention, but may 
include any materials that are electrically conductive, inert 
to chemicals contained in polishing slurries, and having a 
chemical mechanical polish selectivity that is greater than 
the chemical mechanical polish selectivity of the hardmask 
layer. In exemplary embodiments, these materials may 
include titanium, tungsten, and the like. 
The stop layers are deposited at a tempearutre of about 

200° C. to 300° C., preferably about 225° C. to 295° C., 
more preferably about 250° C. to about 290° C. and, 
especially 295° C. 
A hardmask layer is deposited, preferably by PECVD, to 

overlie the ?nal stop layer. The exact composition of the 
hardmask layer does not directly affect the practice of the 
present invention. In exemplary embodiments, this material 
can include, but is not limited to, silicon dioxide, silicon 
nitride, or the like but, preferably, comprises silicon dioxide. 
Because this layer does not directly overlie the magnetic 
layers, any possible oxygen contamination of the magnetic 
layers by the silicon dioxide layer is minimiZed. The hard 
mask layer is deposited at a temperature of about 100° C. to 
300° C., preferably about 150° C. to about 250° C., more 
preferably about 200° C. The thickness of the hardmask 
layer can range from about 1000 A to about 5000 A, 
preferably about 1500 A to about 3500 A, and especially 
about 2000 A. 
Most preferably, each of the layers of the magnetic 

material stack, including the magnetic and non-magnetic 
layers, the stop layer(s) and the hardmask layer is deposited 
at a temperature of 300° C. or less, preferably 295° C. or 
less, to prevent interdiffusion of the magnetic layers that can 
occur at temperatures of about 325° C. and higher. 
The hardmask layer and the stop layer(s) are then etched 

and the magnetorcsistive storage layer is patterned by, for 
example, photolithography and/or blanket ion milling or 
reactive ion etching to form magnetoresistive bits (Bit 
Photolithography and Etch, block 24) Once the magnetore 
sistive bits are formed, the bits are typically electrically 
interconnected as a series of “bit strings,” Where each bit 
string may consist of 4, 8 or 16 bits, or the like. 

Because the process conditions for deposition of each 
layer of an MRAM device can impact the properties of the 
materials that are already present in the given microelec 
tronic structure, the invention method requires that each 
layer deposited subsequent to the magnetic material stack be 
deposited at a temperature of about 200° C. to less than 300° 
C., so as not to cause thermal interdiffusion of the magnetic 
materials. Moreover, the invention method requires that 
each layer subsequently deposited does not introduce oxy 
gen to the magnetic materials. 
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Therefore, a third dielectric isolation layer (ILD3, block 
26), having a suf?cient thickness to ?ll in the gaps created 
by etching, that is deposited over all the exposed surfaces, 
comprises silicon nitride, deposited at a temperature of 
about 200° C. to 300° C., preferably about 225° C. to about 
295° C., more preferably about 250° C. to about 290° C., 
especially 295° C. The silicon nitride serves as a reducing 
substance, such that any oxygen contamination of the pre 
vious layers is reversed and reduced by the hydrogen 
content, as described further beloW. The thickness range for 
this dielectric layer must be greater that tWice the thickness 
sum of thicknesses for the magnetic layers, the initial stop 
material, the ?nal material, and any residual hard mask 
material, up to a micron of dielectric. The loWer limit of this 
?lm thickness depends on the topography of the underlying 
materials and is a thickness sufficient to provide for suf? 
cient planariZation of the underlying topography. An exem 
plary thickness range can be, but is not limited to, about 
2200 A to about 6000 A, preferably about 3000 
WindoWs are then opened through the ILD3 layer to the 

magnetic bits (Bit Via or Bit Contact, block 28) and Win 
doWs are also opened through the ILD2 layer to the second 
level of interconnect (Deep Via, block 30). Afourth layer of 
metal is then deposited (Metal 4, Strap Metal, block 32) and 
patterned, With interconnects formed to the magnetoresistive 
storage layer and metal interconnect layers to the electrical 
circuits. Exemplary metals used for this layer include, but 
are not limited to, aluminum, titanium, titanium nitride, 
tungsten, titanium-tungsten, or the like. Preferably, the 
fourth metal layer is deposited at a temperature of about 
200° C. to about 225° C. 

Finally, a dielectric passivation (Passivation Dielectric, 
block 34) layer is deposited, preferably by PECVD, at a 
temperature of about 200° C. to 300° C. or less, preferably 
295° C. or less, to overlie the entire exposed surface of the 
MRAM device. This layer can be silicon dioxide or silicon 
nitride but, preferably, this layer is silicon nitride in order to 
reduce any oxygen or moisture contamination of the previ 
ous layers. More preferably, the deposition temperature is 
about 225° C. to 295° C., most preferably about 250° C. to 
about 290° C. and, especially 295° C. Apreferred thickness 
range for this layer is about 5000 A to about 15000 A and, 
especially, about 7000 
As a ?nal step, the Wafer is annealed in a magnetic ?eld 

to alight the magnetic moments of the magnetic storage 
material (Magnetic Anneal, block 36). The annealing step is 
also performed at a temperature of 300° C. or less. 

An embodiment of the PECVD process for deposition of 
dielectric ?lms in the manufacture of an MRAM device 
according to the present invention is illustrated in FIG. 2. 
Brie?y, a ?rst step is the placement of the semiconductor 
substrate, Which contains the magnetoresistive material 
stack, in the PECVD reactor (block 40). The PECVD reactor 
is pumped doWn to about 10-3 torr to eliminate any oxygen, 
and is then ?ushed With nitrogen (block 42). The substrate 
is heated (block 44) to a temperature of about 200° C. to 
about 300° C., With 300° C. being the most preferred 
temperature. Gasses that are used to form silicon nitride or 
silicon dioxide are fed into the reactor (block 46). 

For example, to form a silicon nitride ?lm, the gas can be 
a mixture of silane (SiH4), ammonia, nitrogen, and the like, 
and further can include inert gases, such as helium, argon, 
and the like. 

To form a silicon dioxide ?lm, the gas could be a mixture 
of a gaseous oxidiZer silane (SiH4), and inert gases. In 
addition to silane, other silicon-containing precursors can be 
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8 
used to form silicon dioxide, including disilane (S2H6) and 
tetraethoxysilane (TEOS), or the like. All of these processes 
require mixing the silicon-containing reactant With an oxi 
diZing gas reactant, such as oxygen gas (O2), oZone (O3), 
nitrous oxide (N20), nitrogen dioxide (N02), or carbon 
dioxide (CO2), or the like. 

In a typical PECVD process, a plasma of ioniZed gas is 
formed in the reactor. The plasma energiZes the reactants, 
enabling formation of the desired silicon nitride or silicon 
dioxide at a loWer temperature than Would be possible by 
adding only heat to the reactor system. In a typical PECVD 
process, the plasma is a loW pressure reactant gas discharge 
that is developed in a radio-frequency (RF) or microWave 
radiation ?eld. The plasma is an electrically neutral ioniZed 
gas in Which there are equal number densities of electrons 
and ions. At the relatively loW pressures used in PECVD, the 
electron energies can be quite high relative to heavy particle 
energies. The high electron energy increases the density of 
dissociated reactants Within the plasma available for reaction 
and deposition at the substrate surface. The enhanced supply 
of reactive free radicals in the PECVD reactor enables the 
deposition of dense, good quality ?lms at loWer tempera 
tures and at faster deposition rates than typically achieved 
using only thermally-activated chemical vapor deposition 
processes. 

Exemplary gas reactants forming the silicon nitride ?lm 
are illustrated beloW. In order to drive the reaction to 
completion (ideal), the required temperature of the reaction 
during deposition of the ?lm is so high that it Would cause 
either the degradation of an underlying material or the 
intermixing of underlying materials due to thermal diffusion. 
It is knoWn that magnetic device structures in an MRAM are 
comprised of multiple magnetically active layers With con 
ducting layers immediately adjacent to one another. Some of 
these materials readily mix at standard process conditions 
used in the microelectronics industry. Therefore, the reac 
tions are typically not driven to completion. 

(Ideal) 
(Actual) 

35in4 (g) + 4NH3 (g) 
35in4 (g) + 4NH3 (g) 

Si3-N4 (S) + 12H2 (g) 
csixNyHZ (S) + dH2 (g) 

Where c, d, x, y and Z are determined by the deposition 
conditions. The inclusion of hydrogen in the silicon nitride 
matrix is advantageous in providing a ?lm that has reducing 
properties. Therefore, the dielectric layers in the MRAM 
devices according to the invention are preferably silicon 
nitride containing hydrogen, to reduce any oxygen that may 
be present that can detrimentally affect the quality of the 
magnetic materials (block 50). In a preferred embodiment, 
the silicon nitride layers comprise about 35% to about 40% 
by volume of Si, about 35% to about 45% by volume of N, 
and about 15% to about 30% by volume of H. 

In an embodiment of the invention, the hardmask layer 
can be silicon dioxide, deposited in a PECVD process using 
a silicon bearing organic molecule and oxygen, exempli?ed 
by the folloWing reaction: 

All dielectric layers folloWing the hardmask layer are 
preferably silicon nitride, capable of reducing any oxidation 
of the magnetic materials that might result from the presence 
of the silicon dioxide layer. (block 50). 
The last step in the PECVD method is to remove the 

substrate from the reactor (block 52). 
In an embodiment of a PECVD process according to the 

invention, exemplary gas ?oW rates for deposition of silicon 



US 6,759,297 B1 
9 

nitride can be: SiH4, 0.25 to 0.45 slm (standard liters per 
minute); NH3, 1.2 to 2.2 slm; He or Ar, 0.5 to 1.5 slm; and 
N2, 0.5 to 1.5 slm. In another embodiment of a PECVD 
process according to the invention, exemplary gas ?oW rates 

10 
are not intended to be limiting, as other methods for pre 
paring these devices and different formulations and tem 
peratures can be determined by those skilled in the art, 
according to the disclosure made hereinabove. Thus, the 
invention is not limited to the speci?c process parameters for deposition of silicon dioxide can be: TEOS, 0.9 to 1.5 5 _ _ _ _ 

mi/miu; O2, 75 to 125 Sim; He or Ar, 05 to 15 Sim_ disclosed, nor to any particular ingredient used to form 
The pressure can range from about 05 to about 10 torr, dielectric and other layers. The examples have been pro 

With a preferred range of about 1.5 to about 3.0 torr Ylded _merely to demohstfate the Preehee of the Subleet 
The total radio frequency power can range from about 500 invention and‘ do not constitute limitations of the invention. 

to about 5900 Watts, With a preferred range of about 1000 to 10 Thus, it is believed that any of the variables disclosed herein 
about 3000 Watts_ can readily be determined and controlled Without departing 

In a preferred embodiment for producing a silicon dioxide from _ the Scope of the lhvehhoh herelh dlselosed and 
?lm, the reactor electrode is operated at 100W to 500W and desenbed' 
i354 MHZ In particular, the folloWing examples illustrate the effects 

In a preferred ernbodirnent for producing a Silicon nitride 15 OT deposition OFSIIICOII nitride or SIIICOII OII 

?lm, tWo radio frequencies are employed_ A radio SIIICOII Wafers In a Novellus Concept One frequency can be in a range of 13.54 to 13.56 MHZ and a loW reactor 

radio frequency can be ‘in a range of 150 kltiztto 350 kHZ. Example 1 
Preferably, the total radio frequency poWer is in a range of _ _ 
about 750W to about 1250W_ The ratio of high radio An experiment Was designed to evaluate the effects of 
frequency power to low radio frequency power can range 20 pressure, total poWer and percentage loW radio frequency 
from 0.1 to 1.0, but preferably is about 0.3 to about 0.4. pOWeh eh hhh etressi deposlhoh rate and uhlforhhty of 
FIGS 3 and 4 graphically illustrate the effect of tempera_ deposition of silicon nitride on a standard vvafer. Gas ?oWs 

ture on the performance of magnetic deviees_ FIG 3 vvere not varied and remained ?xed at 4.0 liters/min NH3, 5 
involves a spin valve structure that is similar to the pseudo- hterS/hhh SLH4 ahd 1'6 hterS/hhh NZ' The temperature Was 
spin valve used in the magnetic random access memory. The 25 ?xed at 300 C' FWeWafer hatches were run for each of the 
spin valve structure has a hard layer that is permanently set. expenmehts' The hlgh radlo frequency Was 1356 
This device is used as a sensing device rather than a data MHZ‘ The 1O_W radlo frequency (LF)_WaS 350 kHZ' 
storage device because of the inability to Write data into the A Comparlson run Was made 115mg §tandard PECVD 
Structure FIG 3 is a graphic plot of the percentage Change Novellus Concept One 200 reactor conditions at a standard 
in resistance (delta R) as the temperature of the annealing 30 temperature of 4000 C‘, total Power of I kllOWatt, at 50% LF 
step is increased. That is, the graph indicates the degradation and a Pressure of 2-6 mTOrr~ 
of the change in resistance for the aligned and unaligned The refractive lIldGX, Wafer thickness and Wafer unifor 
states of the soft layer in the spin valve. The GMR effect is Inity Was measured With a 1250SE thin ?lm re?ectornetcr 
maximiZed for anneals around 2000 C. and degrades With manufactured by KLA-TfJHCOI Of San Jose, Calif. 
increasing temperature. 35 The results are illustrated in Table 1. The results indicate 

FIG. 4 illustrates the results of tWo experiments (solid that, over the range of conditions explored, the percentage of 
black and hatched black/White) to determine the best anneal- LF present Was the dominant variable controlling stress. 
ing temperature conditions for the pseudo spin valve struc- Pressure also played a signi?cant role, even though it Was 
ture used for the MRAM device. FIG. 4 is a graphic plot of only varied slightly. 

TABLE 1 

Total Deposition 
Expt. Power Pressure Stress X ‘Rate Thiclumess Uniformity 
No. (kW) % LF (Torr) ED9 (A/min) (A) (0%) 

1 0.8 30 2.5 1.0254 1181 4969 0.820 
2 0.8 30 2.7 1.2850 1321 5561 1.250 
3 1.2 30 2.5 0.8114 1604 6749 1.121 
4 1.2 30 2.7 1.1998 1764 7422 0.637 
5 0.8 70 2.5 -2.1170 1519 6391 0.570 
6 0.8 70 2.7 -1.3538 1633 6872 1.207 
7 1.2 70 2.5 -1.8414 2177 9162 5.306 
8 1.2 70 2.7 -1.4440 2081 8758 1.325 
9 1 50 2.6 -0.0623 1761 7413 0.814 
10 1 50 2.6 -0.2089 1738 7313 0.668 
11 1 50 2.6 -0.0797 1765 7427 0.654 
Std. 1 50 2.6 -1.500 1700 7000 1.100 

(400° C.) 

the percentage of memory bits that are functional in the Example 2 

MRAM devlce Versus the temperature 9f the ann°°hng Step‘ 60 In another experiment, the effects of three different pro 
The maximum number of functional bits arc obtained at an - 

. o . . . . . cess recipes Were evaluated at selected process temperatures 
annealing temperature of 300 C. A reduction in bit yield is . . . . . . . . 

seen as the annealing temperature increases above 3000 C. on ?lm $1655’ deposlhon. rate of slhcon mmde’ umformlty 
of disposition, refractive index and the number of defects on 

EXAMPLES the surface of the deposited dielectric layer. 
The following examples illustrate methods for prePara- 65 The recipes (Processes 1, 1A and 2) varied to determine 

tion of MRAM devices according to embodiments of pro 
cesses according to the invention. HoWever, the examples 

optimal gas ?oW rates, RF poWer ratios and process pres 
sure. The processes Were carried out at 300° C., 275° C. and 
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250° C., using ?ve Wafers for each run. The process param 
eters are listed in Table 2. 

The refractive index, Wafer thickness and Wafer unifor 
mity Was measured With a 1250SE thin ?lm re?ectometer 
manufactured by KLA-Tencor of San Jose, Calif. The num 

12 
tensile ?lms and compressive dielectric ?lms are preferred 
to counteract the build up of tensile for devices With multiple 
metal layers. Process 2 provided the best compromise of 
Wafer uniformity, Wafer-to-Wafer standard deviation, refrac 
tive index, With compressive stress. 

TABLE 2 

Wafer Deposition Defects 
Stress/ Refract. Uniformity Rate Thickness Range Min Max <0.3 

Stress Time Index (%) (A/min) SD microns 

Process Recipe 1 

N2 1.0 slm" 
SiH4 0.35 slm 
NH3 1.6 slm 

300° C. 2.73E+08 —1.22E+08 2.0879 2.32 1582 6674 311 6524 6835 66.1 20 
275° C. 1.08E+08 6.27E+08 2.0618 1.22 1727 7266 178 7155 7333 19.2 30 
250° C. 3.83E+07 3.28E+07 2.0085 1.55 1744 7340 227 7218 7445 37 115 

Other setpoints 

Total 800 W 
PoWer 
HF 480 W 
LF 320 W 

Pressure 2.6 Torr 
Process Recipe 1a 

N2 1.0 slm" 
SiH4 0.35 slm 
NH3 1.6 slm 

300° C. 4.84E+08 1.67E+09 2.1100 1.53 1416 5960 182 5881 6063 37.6 10 
275° C. 3.82E+08 1.50E+08 2.0896 0.97 1536 6465 125 6392 6517 18.7 137 
250° C. 1.90E+08 1.81E+08 2.0381 1.10 1569 6601 146 6513 6658 19.5 6000+ 

Other setpoints 

Total 800 W 
PoWer 
HF 560 W 
LF 240 W 

Pressure 2.5 Torr 
Process Recipe 2 

N2 0.6 slm" 
SiH4 0.35 slm 
NH3 1.7 slm 

300° C. —2.20E+09 —2.21E+09 2.0132 1.43 1619 6813 195 6724 6919 25.5 13 
275° C. —1.84E+09 —1.92E+09 1.9978 1.36 1731 7285 198 7195 7393 33.1 34 
250° C. —1.53E+09 —1.30E+09 1.9644 1.43 1787 7519 215 7429 7644 22.2 29 

Other setpoints 

Total 800 W 
PoWer 
HF 200 W 
LF 600 W 

Pressure 2.4 Torr 

*slm = standard liters/min 

50 

ber of defects deposited over a blanket Wafer Was measured 

on surface scanner, Model 6200, manufactured by KLA 
Tencor of Mountain VieW, The ?lm stress Was measured on 

a stress gauge utilizing tWo lasers of 670 nm and 750 nm 

Wavelengths that scanned the diameter of a Wafer before and 
after the deposition of a blanket ?lm to determine the change 
in boW of the Wafer. Using the change in the Wafer boW, plus 
the material properties of the substrate and the deposited 
?lm, an induced stress Was calculated. The system used to 
perform these measurements Was a model FLX2320 manu 

factured by KLA/Tencor of Mountain VieW, Calif. 

As illustrated in Table 2, processes 1 and 1a resulted in 
undesirable high refractive indices and the tensile nature of 
stress induced by the dielectric. Metal ?lms are typically 

55 

60 

65 

Based on the above experiments, it Was determined that 

the preferred parameters for loW temperature deposition of 
dielectric layers of silicon nitride Were the folloWing: 

N2: 0.6 slm 

SiH4: 0.35 slm 

NH3: 1.7 slm 

PoWer: HF 200 W, LF 600 W 

HF: 13.56 MHZ 

LF: 263 kHZ 

Temperature: 300° C. 

Pressure: 2.4 Torr 

Deposition Rate: 1500 A/min 
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Silicon nitride ?lm deposited by PECVD, produced under 
the above process conditions, has the following prop 
erties: 

Thickness: 2553 A1186 A 
SD %: 2.1% 
Refractive Index: 2.0360 

Example 3 

By experimental runs similar to those performed above to 
produce silicon nitride dielectric layers, it Was determined 
that silicon dioxide layers can be deposited under the 
following preferred conditions: 

O2: 10.0 slm 
TEOS: 1.2 ml/min 
PoWer: HF 200 W, LF 800 W 

HF: 13.56 MHZ 

LF: 263 kHZ 

Temperature: 300° C. 
Pressure: 2.4 Torr 

Deposition Rate: 2700 A/min 
The silicon dioxide ?lm produced by PECVD, under the 

above process conditions, has the folloWing properties: 
Thickness: 2012 13117.43 A 
SD %: 1.9% 
Refractive Index: 1.4555 

Example 4 

The percentages of silicon, nitrogen, hydrogen and oxy 
gen Were determined for silicon nitride and silicon dioxide 
dielectric ?lms manufactured by the processes above, 
according to the thickness of the ?lms produced. Thin ?lm 
analysis of the samples Was performed by Advanced Mate 
rials Engineering Research, Inc., Sunnyvale, Calif, using 
standard methodology. The results are illustrated in Table 3. 

TABLE 3 

Deposition 
Temperature Thickness Si N H O 

sample (O <1) (1%) <%> <%> <%> <%> 

Silicon nitride 300 6500 36 38 25 BDL" 
Silicon nitride 300 7000 37 38 24 " 

Silicon nitride 350 6200 38 40 21 
Silicon nitride 400 10700 38 43 18 
Silicon nitride 300 11000 39 36 25 
Silicon nitride 300 10000 38 37 25 " 

Silicon dioxide 300 8000 29 BDL 9 61 

*BDL = beloW detection limit 

This Written description uses examples to disclose the 
invention, including the best mode, and also to enable any 
person skilled in the art to make and use the invention. The 
patentable scope of the invention is de?ned by the claims, 
and may include other examples that occur to those skilled 
in the art. Such other examples are intended to be Within the 
scope of the claims if they have elements that do not differ 
from the literal language of the claims, or if they include 
equivalent elements With insubstantial differences from the 
literal language of the claims. 
We claim: 
1. Amagnetoresistive random access memory device With 

improved magnetic properties produced by a process com 
prising the steps of: 

(a) forming an initial dielectric layer overlying a semi 
conductor substrate; 
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(b) planariZing the initial dielectric layer; 
(c) depositing one or more layers of magnetoresistive 

storage material on the initial dielectric layer at a 
temperature of 300° C. or less; 

(d) forming an electrically-conductive stop layer overly 
ing the magnetoresistive storage material layer; 

(e) forming a hardmask layer overlying the stop layer, 
Wherein the stop layer and the hardmask layer are 
deposited at a temperature of about 100° C. to 300° C.; 

(f) etching the stop layer and hardmask layer; 
(g) patterning the magnetoresistive storage material; 
(h) forming a dielectric layer overlying the magnetore 

sistive storage material, Wherein the dielectric layer 
comprises silicon nitride deposited at a temperature of 
about 200° C. to 300° C.; 

(i) forming an electrically-conductive metal layer overly 
ing the dielectric layer; 
patterning the metal layer; 

(k) forming a passivation dielectric layer overlying 
exposed deposited layers, Wherein the dielectric layer 
comprises silicon nitride deposited at a temperature of 
about 200° C. to 300° C.; and 

(l) annealing the device in a magnetic ?eld to align 
magnetic moments, Wherein the annealing takes place 
at a temperature of about 200° C. to 300° C. 

2. The memory device of claim 1, Wherein the initial 
dielectric layer is selected from the group consisting of 
silicon nitride and silicon dioxide. 

3. The memory device of claim 2, Wherein the initial 
dielectric layer is silicon dioxide. 

4. The memory device of claim 1, Wherein the magne 
toresistive storage material is deposited on the initial dielec 
tric layer at a temperature of 200° C. or less. 

5. The memory device of claim 1, Wherein the magne 
toresistive storage material is deposited on the initial dielec 
tric layer at a temperature of 100° C. or less. 

6. The memory device of claim 1, Wherein the magne 
toresistive storage material is deposited on the initial dielec 
tric layer at a temperature of about 50° C. 

7. The memory device of claim 1, Wherein the hardmask 
layer is selected from the group consisting of silicon nitride 
and silicon dioxide. 

8. The memory device of claim 7, Wherein the hardmask 
layer comprises silicon dioxide. 

9. The memory device of claim 1, Wherein the hardmask 
layer is deposited by PECVD. 

10. The memory device of claim 1, Wherein the hardmask 
layer is deposited at a temperature of about 150° C. to about 
250° C. 

11. The memory device of claim 1, Wherein the hardmask 
layer is deposited at a temperature of about 200° C. 

12. The memory device of claim 1, Wherein the dielectric 
layers are deposited by PECVD. 

13. The memory device of claim 12, Wherein the dielectric 
layers are deposited at a temperature individually selected 
from about 225° C. to about 295° C. 

14. The memory device of claim 13, Wherein the dielectric 
layers are deposited at a temperature of 295° C. 

15. The memory device of claim 13, Wherein the dielectric 
layers are deposited at a temperature individually selected 
from about 250° C. to about 290° C. 

16. The memory device of claim 1, Wherein the silicon 
nitride dielectric layers comprise about 35% to about 40% 
by volume of Si, about 35% to about 45% by volume of N, 
and about 15% to about 30% by volume of H. 
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17. The memory device of claim 1, Wherein the improved 
magnetic properties are selected from the group consisting 
of a higher GMR signal, more uniform Write/read 
thresholds, a higher percentage of functional memory bits, 
and combinations thereof. 

18. A method of manufacturing a magnetoresistive ran 
dom access memory device having improved magnetic 
properties, comprising the steps of: 

(a) forming an initial dielectric layer overlying a semi 
conductor substrate; 

(b) planariZing the initial dielectric layer; 
(c) depositing one or more layers of magnetoresistive 

storage material on the initial dielectric layer at a 
temperature of 300° C. or less; 

(d) forming an electrically-conductive stop layer overly 
ing the magnetoresistive storage material layer; 

(e) forming a hardmask layer overlying the stop layer, 
Wherein the stop layer and the hardmask layer are 
deposited at a temperature of about 100° C. to 300° C.; 

(f) etching the stop layer and hardmask layer; 
(g) patterning the magnetoresistive storage material; 
(h) forming a dielectric layer overlying the magnetore 

sistive storage material, Wherein the dielectric layer 
comprises silicon nitride deposited at a temperature of 
about 200° C. to 300° C.; 

(i) forming an electrically-conductive metal layer overly 
ing the dielectric layer; 
patterning the metal layer; 

(k) forming a passivation dielectric layer overlying 
exposed deposited layers, Wherein the dielectric layer 
comprises silicon nitride deposited at a temperature of 
about 200° C. to 300° C.; and 

(l) annealing the device in a magnetic ?eld to align 
magnetic moments, Wherein the annealing takes place 
at a temperature of about 200° C. to 300° C. 

19. The method of claim 18, Wherein the initial dielectric 
layer is selected from the group consisting of silicon nitride 
and silicon dioxide. 

20. The method of claim 19, Wherein the initial dielectric 
layer is silicon dioxide. 
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21. The method of claim 18, Wherein the magnetoresistive 

storage material is deposited on the initial dielectric layer at 
a temperature of 200° C. or less. 

22. The method of claim 18, Wherein the magnetoresistive 
storage material is deposited on the initial dielectric layer at 
a temperature of 100° C. or less. 

23. The method of claim 18, Wherein the magnetoresistive 
storage material is deposited on the initial dielectric layer at 
a temperature of about 50° C. 

24. The method of claim 18, Wherein the hardmask layer 
is selected from the group consisting of silicon nitride and 
silicon dioxide. 

25. The method of claim 24, Wherein the hardmask layer 
comprises silicon dioxide. 

26. The method of claim 18, Wherein the hardmask layer 
is deposited by PECVD. 

27. The method of claim 18, Wherein the hardmask layer 
is deposited at a temperature of about 150° C. to about 250° 
C. 

28. The method of claim 18, Wherein the hardmask layer 
is deposited at a temperature of about 200° C. 

29. The method of claim 18, Wherein the dielectric layers 
are deposited by PECVD. 

30. The method of claim 18, Wherein the dielectric layers 
are deposited at a temperature individually selected from 
about 225° C. to about 295° C. 

31. The method of claim 30, Wherein the dielectric layers 
are deposited at a temperature of 295° C. 

32. The method of claim 30, Wherein the dielectric layers 
are deposited at a temperature individually selected from 
about 250° C. to about 290° C. 

33. The method of claim 18, Wherein the silicon nitride 
dielectric layers comprise about 35% to about 40% by 
volume of Si, about 35% to about 45% by volume of N, and 
about 15% to about 30% by volume of H. 

34. The method of claim 18, Wherein the improved 
magnetic properties are selected from the group consisting 
of a higher GMR signal, more uniform Write/read 
thresholds, a higher percentage of functional memory bits, 
and combinations thereof. 


